The nucleotide-binding domain and leucine-rich repeats containing proteins (NLRs) serve as immune receptors in both plants and animals. Overaccumulation of NLRs often leads to autoimmune responses, suggesting that the levels of these immune receptors must be tightly controlled. However, the mechanism by which NLR protein levels are regulated is unknown. Here we report that the F-box protein CPR1 controls the stability of plant NLR resistance proteins. Loss-of-function mutations in CPR1 lead to higher accumulation of the NLR proteins SNC1 and RPS2, as well as autoactivation of immune responses. The autoimmune responses in cpr1 mutant plants can be largely suppressed by knocking out SNC1. Furthermore, CPR1 interacts with SNC1 and RPS2 in vivo, and overexpressing CPR1 results in reduced accumulation of SNC1 and RPS2, as well as suppression of immunity mediated by these two NLR proteins. Our data suggest that SKP1-CULLIN1-F-box (SCF) complex-mediated stability control of plant NLR proteins plays an important role in regulating their protein levels and preventing autoimmunity.
The nucleotide-binding domain and leucine-rich repeats containing proteins (NLRs) serve as immune receptors in both plants and animals. Overaccumulation of NLRs often leads to autoimmune responses, suggesting that the levels of these immune receptors must be tightly controlled. However, the mechanism by which NLR protein levels are regulated is unknown. Here we report that the F-box protein CPR1 controls the stability of plant NLR resistance proteins. Loss-of-function mutations in CPR1 lead to higher accumulation of the NLR proteins SNC1 and RPS2, as well as autoactivation of immune responses. The autoimmune responses in cpr1 mutant plants can be largely suppressed by knocking out SNC1. Furthermore, CPR1 interacts with SNC1 and RPS2 in vivo, and overexpressing CPR1 results in reduced accumulation of SNC1 and RPS2, as well as suppression of immunity mediated by these two NLR proteins. Our data suggest that SKP1-CULLIN1-F-box (SCF) complex-mediated stability control of plant NLR proteins plays an important role in regulating their protein levels and preventing autoimmunity. P lants and animals rely on innate immunity to defend against microbial pathogen infections. Although plant surface-residing receptors often recognize common features of the microbes, intracellular receptors detect specific effectors from pathogens to initiate a downstream defense cascade (1) . Remarkably, plants and animals use immune sensors with similar structural features, such as nucleotide-binding (NB) and leucinerich repeats (LRR) domains (2) . These immune receptors are commonly named Nod-like Receptors (NLRs; or nucleotidebinding and leucine-rich repeat-containing) after the human innate immunity receptor Nod1 and Nod2 (3) . In plants, they are designated as NB-LRR resistance proteins (NLR R proteins). Upon detection of specific pathogen effectors, R proteins mount a quick and robust reaction, usually culminating in a hypersensitive response, a type of programmed cell death, to defend against and restrict further spread of the pathogen (1) . Because of the detrimental effects of R protein activation on plant cell growth and development, normally R protein-mediated immunity has to be under multiple levels of tight negative control. Overaccumulation of R proteins often leads to autoimmunity, implying the importance of stability control of R protein levels. In addition, gain-of-function mutants of NLRs, such as snc1 (suppressor of npr1-1, constitutive 1) and ssi4 (suppressor of salicylic acid insensitivity of npr1-5, 4), can render the NLR proteins constitutively active without pathogen interaction (4, 5) . These mutations are speculated to enhance the stability or activities of the NLRs. Constitutive expression of defense marker Pathogenesis Related (PR) genes, enhanced pathogen resistance, and altered plant development, such as dwarfism, are general features of plant autoimmunity.
The Arabidopsis genome contains about 170 genes encoding NLRs (6), with either Toll/IL-1 receptor (TIR) or coiled-coil (CC) domains at their N terminus. The detailed activation mechanism of NLR R proteins is unclear. During the past decade, intensive studies on RAR1, SGT1, and HSP90 using genetic and biochemical approaches established these components as members of a protein complex required for chaperone activities to properly fold and stabilize NLR R proteins (7, 8) . Interestingly, mammalian SGT1 and HSP90 were also shown to be required for NLRmediated immune responses. Some NLRs, including Nod1 and Nod2, form complexes with HSP90 and SGT1 (9) .
Aside from the positive roles SGT1 plays in R protein folding, it is also involved in the negative regulation of R protein stability. A loss-of-function mutation in SGT1b restores reduced accumulation of CC-type NLR RPS5 in rar1 mutant plants (10) . In addition, accumulation of SNC1 is increased in sgt1b mutant plants. Recently, the evolutionarily conserved SRFR1 was shown to interact directly with SGT1 (11) . Loss-of-function of SRFR1 results in increased accumulation of SNC1 and activation of SNC1-mediated defense responses (11, 12) . However, the mechanism on how SGT1 and SRFR1 negatively regulate the accumulation of R proteins is unclear.
Besides interactions with HSP90 and RAR1, SGT1 was also shown to associate with SKP1 and CULLIN1 (CUL1) (7, 13) , members of the SCF (SKP1-CUL1-F-box protein) E3 ubiquitin ligase complex that targets specific substrate proteins for ubiquitination and most often subsequent protein degradation. The Fbox protein usually interacts directly with the protein substrate and serves as the substrate determinant of SCF. The association between SGT1 and SCF suggests potential connections between SCF and R protein-mediated immunity. Here we provide experimental evidence that Arabidopsis F-box protein CPR30/CPR1 targets NLR proteins SNC1 and RPS2 for degradation, revealing how some NLR R protein levels are controlled mechanistically.
Results
snc1 Mutation Affects the Stability of SNC1. The gain-of-function mutant snc1 carries a mutation in SNC1, an NLR R-like gene that leads to constitutive activation of defense responses in Arabidopsis (4, 14) . Like other TIR-type R proteins, snc1 signals through PAD4 (15) . Mutations in PAD4 can completely suppress the dwarfism of snc1 caused by autoimmunity (Fig. 1A) . To investigate how the E552 to K552 change in the linker region causes constitutive activation of SNC1, we first examined the snc1 transcript level in the mutant and found only a moderate increase (Fig. 1B) . This increase is fully suppressed when PAD4, an essential signaling component downstream of SNC1, is mutated (Fig. 1B) , indicating that the increased snc1 transcription is caused by feedback up-regulation from downstream defense signaling. With the availability of an antibody specific to the endogenous SNC1 protein (11), we analyzed snc1 protein levels in snc1 and snc1 pad4 plants. To our surprise, snc1 protein levels are still considerably higher in the snc1 pad4 double-mutant plants than that in the wild-type (Fig. 1C) , suggesting that the snc1 mutation renders the R protein more stable.
cul1-7 Exhibits Increased SNC1 Level and Constitutive Defense
Responses. Because a mutation in SGT1b also results in increased SNC1 protein level and SGT1 associates with SKP1 and CUL1 (7, 11, 13) , two shared members of the SCF E3 ubiquitin ligase complex, we asked whether the stability of SNC1 could be controlled by SCF-mediated protein degradation. In Arabidopsis, null mutations in CUL1 are lethal (16) . A partial loss-of-function allele of CUL1, cul1-7, was found to exhibit a dwarf phenotype similar to snc1 (17) (Fig. 2A) . In cul1-7, the T510 to I510 substitution seems to affects the C terminus of the protein, as well as the stability of CUL1, thus resulting in the misregulation of SCFs. The mutant exhibited accumulation of target proteins of many known SCF complexes, including AUS/IAA1 and RGA1 for auxin and gibberellic acid signaling, respectively (17) . Additionally, cul1-7 plants express high levels of defense-marker PR genes, PR1 and PR2 (Fig. 2 B and C) , suggesting that the mutation causes activation of defense responses. The dwarfism of cul1-7 is more severe than that of snc1 and can be partially complemented by a transgene expressing the CUL1-FLAG fusion protein (17) (Fig. 2A) . Although the transcript level of SNC1 in cul1-7 is not significantly different from that of wild-type ( Fig. 2D ), Western blot analysis showed that the SNC1 protein level in cul1-7 was much higher than that in wild-type and this increased accumulation of SNC1 can be partially complemented by the CUL1-FLAG transgene (Fig. 2E ), indicating that CUL1 contributes to the control of SNC1 levels. Furthermore, quantitative RT-PCR analysis of a variety of known R genes indicates that transcript levels of these R genes are not significantly increased in cul1-7 ( Fig. S1 ), suggesting that SCF-mediated protein ubiquitination has little effect on R gene transcription.
SNC1 Protein Levels Are Increased in cpr1 and cpr30 Mutants. The substrate specificity of the SCF complexes is most often determined by the F-box proteins. Previously it was shown that mutations in the F-box protein, CPR30 [At4g12560; Constitutive PR gene expression, 30 (cpr30)], lead to constitutive activation of PR genes, accumulation of the defense hormone salicylic acid, and a dwarf phenotype strikingly similar to that of snc1 (18) (Fig. S2) . Western blot analysis revealed that SNC1 overaccumulates in the cpr30 mutant plants (Fig. 3A) . Another well-known mutant with constitutive defense responses and snc1-like morphology is cpr1 (19) (Fig. 3B and Fig. S2 ). Although cpr1 was isolated over 15 y ago, its identity was unknown. Interestingly, similar to the cpr30 alleles, the SNC1 protein level in cpr1 was much higher than that in wildtype (Fig. 3A) . The levels of SNC1 in cpr1 and two alleles of cpr30 are very similar. To exclude the possibility that CPR1 negatively controls SNC1 expression, we checked the SNC1 expression level in cpr1 and cpr1 pad4 mutants. As shown in Fig. S3A , SNC1 transcript level is only slightly increased in cpr1 and this increase is completely reverted by pad4 in the cpr1 pad4 double mutant, suggesting that the small increase of SNC1 transcription is caused by feedback up-regulation from downstream defense signaling. In contrast, SNC1 levels in the cpr1 pad4 double mutants remain much higher than in wild-type and not drastically reduced from that in cpr1 (Fig. S3B ), confirming that CPR1 negatively regulates SNC1 protein level. Interestingly, SNC1 levels in cpr30 and cpr30 pad4 are also much higher than that in wild-type (Fig. S3B ). Fur- thermore, quantitative RT-PCR analysis of several other R genes indicates that their transcript levels are not drastically increased in cpr1 or cpr1 pad4 (Fig. S3 C-I ), suggesting that CPR1 has little effect on R gene transcription.
cpr1 and cpr30 Are Allelic Mutations. Because cpr1 and cpr30 are both recessive mutations mapped to chromosome 4 (18, 19), we crossed cpr1 and cpr30-2 to test for allelism. As shown in Fig. 3B , cpr1 and cpr30-2 failed to complement in F1, indicating that they are allelic to each other. Because cpr1 was identified as the founding member of the cpr-type mutants, for simplicity and to avoid confusion in the literature, we renamed cpr1 as cpr1-1, the allele obtained by Gou et al. (18) (previously named cpr30-1) as cpr1-2, and the T-DNA allele (SALK_045148; previously named cpr30-2) as cpr1-3. Further sequence analysis of cpr1-1 revealed a G to A point mutation in At4g12560. This mutation is located at an intron-exon junction (Fig. S4 ), leading to a shift of the splicing site which results in a reading frame change in the gene. When a construct expressing At4g12560 under the control of a 35S promoter was transformed into cpr1-1, all transgenic plants exhibited wild-type morphology (Fig. 3C) ; this confirms that the cpr1-1 mutant phenotype was caused by the mutation in At4g12560. Phylogenetic analysis of CPR1 and its homologs indicates that they are also present in other higher plants (Fig. S5) .
Constitutive Defense Responses in cpr1-3 Are Largely Suppressed by Knocking Out SNC1. To test whether the increased SNC1 protein accumulation contributes to the activation of defense responses in the cpr1 mutants, we crossed snc1-r1, a loss-of-function deletion allele of SNC1 (14), into cpr1-3. As shown in Fig. 4A , the snc1-r1 mutation reverted cpr1-3 to wild-type morphology. Analysis of PR gene expression showed that constitutive expression of both PR1 and PR2 was reduced in snc1-r1 cpr1-3 (Fig. 4 B and C) . In addition, enhanced resistance against the virulent oomycete pathogen Hyaloperonospora arabidopsidis Noco2 in cpr1-3 was also attenuated by the snc1-r1 mutation (Fig. 4D) . These data suggest that overaccumulation of SNC1 in cpr1-3 is one of the main factors leading to the cpr1 autoimmune mutant phenotypes.
Overexpression of CPR1 Results in Reduced snc1 Protein Levels and
Suppression of snc1 Mutant Phenotypes. Increased accumulation of SNC1 protein in cpr1 mutants and suppression of cpr1-3 phenotypes by snc1-r1 suggest that CPR1 might target SNC1 for degradation. Because the F-box proteins are usually the limiting factor in SCF-mediated target protein degradation, we tested whether overexpression of CPR1 would reduce the accumulation of SNC1 by overexpressing CPR1 in the snc1 mutant background. As shown in Fig. 5A , snc1 transgenic lines T1-5 and T1-6 carrying 35S::CPR1 exhibit wild type-like morphology. Both lines expressed high levels of CPR1 (Fig. S6A ) and modestly reduced level of SNC1 (Fig. S6B) ulation in snc1. In addition, enhanced resistance against H. arabidopsidis Noco2 (Fig. 5B) and constitutive PR gene expression ( Fig. S6 C and D) in snc1 were completely suppressed in the CPR1 overexpression lines. Western blot analysis revealed that snc1 protein accumulation was clearly reduced even below the wild-type level in the two CPR1 overexpression lines (Fig. 5C ). These data support that CPR1 is the F-box protein targeting SNC1 for degradation.
Overexpression of CPR1 Affects R Protein-Mediated Resistance. Although snc1-r1 completely suppresses the dwarfism of cpr1-3, constitutive PR gene expression and enhanced resistance against H. arabidopsidis Noco2 in cpr1-3 is only partially attenuated by snc1-r1 (Fig. 4 B-D) , suggesting that CPR1 may also target R proteins other than SNC1 for degradation. The residual enhanced resistance in snc1-r1 cpr1-3 is probably caused by increased accumulation of the other R proteins. To test this hypothesis, we generated transgenic lines overexpressing CPR1 in the wild-type Columbia (WT) background (Fig. S7A ) and challenged the transgenic plants with pathogens carrying different effectors that activate specific R protein-mediated resistance. The two CPR1 overexpression lines were slightly more susceptible to the virulent bacterial pathogen Pseudomonas syringae pv. tomato DC3000 (Fig. 6A ). In contrast, resistance mediated by RPS2 and RPM1 is severely compromised when CPR1 is expressed at high levels ( Fig. 6B and Fig. S7B ), suggesting that CPR1 may also target R proteins, such as RPS2 and RPM1, for degradation. Because the expression levels of RPS2 and RPM1 are not significantly affected in these transgenic plants, the defects in RPS2-and RPM1-mediated resistance in CRP1 overexpressing lines are not likely caused by reduced RPS2 and RPM1 transcription (Fig. S8 G and H) . Overexpression of CPR1 also has modest effects on resistance mediated by RPS5, RPS4, RPP2, and RPP4 ( Fig. S7 C-F) . No drastic change of transcript levels of these R genes were observed (Fig. S8 B-I ).
CPR1 Regulates the Stability of RPS2. RPS2 and RPM1 are both CC-type NLR R proteins. RPS2 was chosen for further testing because the RPS2-HA transgenic line was available to us (20) (a kind gift of B. Staskawicz, University of California at Berkeley).
To test whether over-expression of CPR1 affects the accumulation of RPS2, we transformed plants expressing the RPS2-HA fusion protein with a construct expressing CPR1 with a C-terminal 3×FLAG tag, under its own promoter. As shown in Fig.  6C , increased expression of CPR1-FLAG protein correlated with reduced accumulation of RPS2-HA. Next we tested whether loss of CPR1 function leads to increased accumulation of RPS2 by crossing cpr1-3 into the RPS2-HA transgenic line. Western blot analysis showed that RPS2-HA protein level dramatically increased in cpr1-3 (Fig. 6D) . Because RPS2 transcript level in cpr1-3 was only moderately higher than in wild-type (Fig. 6E) , the increase in RPS2-HA protein level is most likely due to increased stability of RPS2-HA in cpr1-3.
A similar approach was used to test for the correlation between CPR1 and RPS4, where minor effect was observed for RPS4-mediated immunity in CPR1 overexpression lines (Fig.  S7D) . When we transformed the RPS4-HA transgenic line (21) (a gift of Jane Parker, MPI, Köln) with the same CPR1-3×FLAG construct. As shown in Fig. S9 , the RPS4-HA level remains the same in cpr1 and CPR1 overexpression backgrounds as in wildtype. In contrast, when the same samples were probed with anti-SNC1 antibody, reverse correlation between CPR1 and SNC1 levels was observed (Fig. S9) . Thus CPR1 does not seem to regulate RPS4 stability.
CPR1 Interacts with SNC1 and RPS2 in Vivo. F-box proteins are known to form SCF complexes with their substrates. The genetic interaction between CPR1 and SNC1, plus the negative correlations between CPR1 protein level and accumulation of SNC1 and RPS2, prompted us to test whether CPR1 associates with SNC1 and RPS2 in vivo. Constructs expressing SNC1-HA and CPR1-FLAG fusion proteins were cotransformed into Arabidopsis mesophyll protoplasts and immunoprecipitation was subsequently performed on the protein extracts using anti-FLAG agarose beads. As shown in Fig. 7A , SNC1-HA coimmunoprecipitated with the CPR1-FLAG protein. When RPS2-HA and CPR1-FLAG were coexpressed in Arabidopsis mesophyll proto- plasts, RPS2-HA also coimmunoprecipitated with CPR1-FLAG (Fig. 7B ). These data suggest that CPR1 does associate with SNC1 and RPS2 in vivo, probably in SCF complexes, to target SNC1 and RPS2 for degradation. Because the point mutation in snc1 stabilizes the SNC1 protein, we asked whether it caused a reduction of affinity with CPR1. As shown in Fig. 7C , in Arabidopsis mesophyll protoplasts coexpressing CPR1-FLAG and SNC1-HA or snc1-HA, when immunoprecipitation was performed on the protein extracts using anti-HA microbeads, SNC1-HA and snc1-HA are both able to pull down CPR1. The snc1 mutation does not seem to have any obvious effect on interactions between CPR1 and SNC1 in this assay. However, when the immunoprecipitated samples were probed with an anti-ubiquitin (Ub) antibody, much less ubiquitination was observed in the immunoprecipitated snc1-HA, suggesting that SNC1 is a better substrate for ubiquitination than snc1.
Discussion
In plants, SCF-mediated protein degradation is involved in the regulation of diverse biological processes. The most well-studied examples are from auxin signaling. SCF TIR1 and its homologous F-box proteins serve as auxin receptors and modulate Aux/IAA proteins for degradation (22) . There is evidence that SCFs are also involved in the regulation of plant immunity. In tobacco, Nmediated resistance response to TMV was compromised when SKP1 was silenced (23) . In addition, the tobacco F-box protein ACIF1 is required for the Cf-9-and Cf-4-mediated hypersensitive response, whereas the Arabidopsis F-box protein SON1 plays a negative role in defense (24, 25) .
Recently it was shown that mutations in the F-box protein CPR30/CPR1 leads to constitutive expression of PR genes and enhanced pathogen resistance (18) , but the mechanism of how CPR1 regulates plant defense responses is unclear. In this study, we provide strong evidence that SCF CPR1 targets the NLR R-like protein SNC1 for degradation to prevent overaccumulation of SNC1 and autoimmunity. Loss-of-function mutations in CPR1 result in increased SNC1 accumulation, and the constitutive defense responses in cpr1 are largely dependent on SNC1. In addition, overexpression of CPR1 reduces the accumulation of SNC1 protein and suppresses the autoimmunity phenotype in snc1. Previously it was shown that SRFR1 and SGT1b are also involved in the negative regulation of SNC1 accumulation (11) . Because SRFR1 interacts with SGT1 and SGT1 associates with SKP1 and CUL1 in vivo (7, 11, 13) , SRFR1 and SGT1b may regulate the stability of SNC1 through modulating the activity of SCF CPR1 . In support of this hypothesis, association of SNC1 and SRFR1 was detected from coimmunoprecipitation experiments in transient expression system in tobacco (12) .
In addition to SNC1, SCF CPR1 also negatively regulates the stability of RPS2. Loss of CPR1 function leads to increased RPS2 levels, whereas overexpression of CPR1 reduces the accumulation of RPS2 and severely compromises RPS2-mediated immunity. Furthermore, overexpression of CPR1 abolishes immunity mediated by RPM1 and slightly compromises resistance specified by several other R proteins, such as RPP2 and RPP4, suggesting that SCF CPR1 may also target these R proteins for degradation. In contrast, overexpression of CPR1 hardly affects the resistance mediated by RPS4 and RPS5. Whether the stability of these R proteins is controlled by other F-box proteins remains to be determined. It was surprising to us that CPR1 targets SNC1 and RPS2, two quite different NLR proteins, yet doesn't target RPS4, which is more closely related to SNC1. It is possible that CPR1 may recognize a common feature shared between SNC1 and RPS2, but not with RPS4.
Previous studies on RAR1-SGT1-HSP90 demonstrated that correct folding and maintaining NLR R proteins above a threshold level are required for quick induction of defense responses when under pathogen attack. Meanwhile, the activities and protein levels of NLR R proteins need to be tightly controlled to prevent activation of defense responses without the presence of pathogens because constitutive activation of defense responses is detrimental to growth and development (7) . Our study identified SCF-mediated protein degradation as a critical mechanism for regulating the stability of plant NLR R proteins, suggesting that NLR R proteins are maintained at proper levels by balanced activities from the RAR1-SGT1-HSP90-mediated assembly and proteasome-mediated degradation. Because overexpression of NLR immune receptors also results in autoactivation of immune responses in animals, and plants and animal NLRs are structurally similar, it will be interesting to test whether the stability of NLR proteins in animals is also controlled by a similar SCF-mediated mechanism.
Materials and Methods
Plant Growth Conditions and Mutant Phenotypic Characterization. All plants were grown at 22°C under a long-day (16-h light/8-h night) regime. Geneexpression analysis was carried out by extracting total RNA from 2-wk-old plate-grown plants. The extracted RNA was then reverse-transcribed to obtain cDNA. Real-time PCR was performed and the expression levels of Actin1, PR1, and PR2 were determined as described previously (14) . Infection experiments with P. syringae and H. arabidopsidis (previously Hyaloper- 
